Plants must regulate their use of absorbed light energy on a minute-by-minute basis to maximize the efficiency of photosynthesis and to protect photosystem II (PSII) reaction centers from photooxidative damage. The regulation of light harvesting involves the photoprotective dissipation of excess absorbed light energy in the light-harvesting antenna complexes (LHCs) as heat. Here, we report an investigation into the structural basis of light-harvesting regulation in intact spinach (Spinacia oleracea) chloroplasts using freeze-fracture electron microscopy, combined with laser confocal microscopy employing the fluorescence recovery after photobleaching technique. The results demonstrate that formation of the photoprotective state requires a structural reorganization of the photosynthetic membrane involving dissociation of LHCII from PSII and its aggregation. The structural changes are manifested by a reduced mobility of LHC antenna chlorophyll proteins. It is demonstrated that these changes occur rapidly and reversibly within 5 min of illumination and dark relaxation, are dependent on DpH, and are enhanced by the deepoxidation of violaxanthin to zeaxanthin.
INTRODUCTION
Photosystem II (PSII), in the thylakoid membrane of higher plants, possesses an extensive system of membrane-associated lightharvesting antenna complexes that increase its spectral and spatial cross section of absorbed solar energy, ensuring its efficient operation, even in low light (reviewed in Dekker and Boekema, 2005) . PSII is organized within the stacked grana regions of the thylakoid membranes as a dimer composed of two copies each of the reaction center core proteins D1 and D2 and the core antenna chlorophyll a binding proteins CP43 and CP47 (Peter and Thornber, 1991a) . This PSII core dimer is further supplemented by a peripheral antenna system of chlorophyll a/b binding light-harvesting complexes (LHCs). The LHCs are divided into two classes: the monomeric minor antenna complexes, CP29, CP26, and CP24, and the trimeric major antenna complexes, LHCII (Peter and Thornber, 1991b) . Each PSII core dimer is bound by two copies each of the minor antenna complexes CP29 and CP26 and an LHCII trimer (termed the S-trimer as the most strongly attached to the core dimer) to form the C 2 S 2 supercomplex (Boekema et al., 1995) . The C 2 S 2 supercomplex may in turn be bound by two copies of CP24 and two LHCII trimers attached with medium strength (the M-trimers) to form the larger C 2 S 2 M 2 supercomplex (Boekema et al., 1998) . These supercomplexes represent the basic functional units of the PSII-LHCII macrostructure and can be supplemented by an additional three to four loosely attached LHCII trimers (L-trimers) Dekker et al., 1999) . These C 2 S 2 and C 2 S 2 M 2 PSII-LHCII supercomplexes can also further become arranged into higher-order semicrystalline arrays (Miller et al., 1976; Staehelin, 1976; Boekema et al., 2000; Kirchhoff et al., 2007a; Daum et al., 2010) . In contrast with PSII, photosystem I and the ATP synthase complex are mainly confined to the nonappressed stromal lamellae regions of the thylakoid membrane and the grana end membranes (reviewed in Hankamer et al., 1997; Dekker and Boekema, 2005; Daum et al., 2010) .
Fluctuations in light intensity reaching the leaf, caused by the diurnal cycle and intermittent cloud cover, can limit the rate of photosynthesis in higher plants, thus creating a requirement for the dynamic regulation of light harvesting on a minute-by-minute basis. In high light, the rate of turnover of PSII reaction centers becomes saturated with respect to light; however, its absorption continues unabated. Under these conditions, the buildup of the excess excitation energy in antenna systems will inevitably lead to photoinhibition, a sustained decline in photosynthetic efficiency and productivity associated with the damage of PSII reaction centers (Powles, 1984) . Fortunately, a safety valve, known as nonphotochemical quenching (NPQ), exists that is able to dissipate the excess absorbed energy as heat within the PSII antenna, preventing such photooxidative damage (reviewed in Horton et al., 1996) . NPQ can be monitored by the quenching of chlorophyll fluorescence and is kinetically a heterogeneous process. The major component of NPQ is controlled by the amplitude of the transmembrane proton gradient (DpH) (Wraight and Crofts, 1970; Briantais et al., 1979) formed by coupled photosynthetic electron transport and is known as qE. DpH has several different effects upon the thylakoid membrane that act to control qE. When DpH is high (i.e., the lumen pH is low), certain LHCs and the PsbS protein are protonated (Walters et al., 1994; Li et al., 2004) and the violaxanthin deepoxidase enzyme is activated (Hager, 1969; Demmig-Adams, 1990) . Violaxanthin deepoxidase enzyme converts the xanthophyll violaxanthin, bound to peripheral sites on LHC proteins Liu et al., 2004) , into zeaxanthin via the removal of two-epoxy groups (Yamamoto et al., 1962) . Although the exact interplay between these three factors remains under investigation, they result in the formation of dissipative pigment interactions within one, several, or all of the LHC antenna complexe, thus shortening the chlorophyll excited state lifetime (Gilmore et al., 1995; Holzwarth et al., 2009; ). The exact pigments involved in quenching remain under debate with both chlorophyll-xanthophyll (Ma et al., 2003; Holt et al., 2005; Ruban et al., 2007; Ahn et al., 2008; Bode et al., 2009 ) and chlorophyllchlorophyll interactions suggested to be involved (Mü ller et al., 2010) . Irrespective of the pigments involved, each model assumes that a DpH-induced structural change activates the quenching pigment(s). However, direct structural evidence for a DpH-induced change in LHC antenna conformation/organization in vivo is lacking.
The first evidence that the light-driven formation of DpH had a structural effect on the thylakoid membrane came from work by Packer (1970a, 1970b) , who showed that it caused the thylakoid grana membranes to become thinner, more tightly appressed, and more hydrophobic. This change in properties of the thylakoid membrane was correlated with an absorption change at 535 nm (DA535), which was suggested to arise from selective light scattering (Murakami and Packer, 1970b) . Later, DA535 was shown to largely depend on the presence of zeaxanthin (Bilger et al., 1989 ) and was correlated not to DpH formation per se, but rather to qE . Indirect evidence that qE involves a structural change within the thylakoid membrane has been provided by a range of spectroscopic methods. qE is characterized by a series of absorption and fluorescence changes Ruban et al., 1991 Ruban et al., , 1992 Ruban et al., , 1993 Bilger and Bjö rkman, 1994; Miloslavina et al., 2008; Holzwarth et al., 2009 ) that have been shown to depend on the composition of pigments within the LHC antenna system . Changes in the molecular configuration and interactions between pigments upon qE formation have also been demonstrated using resonance Raman, circular dichroism, linear dichrosim, and twophoton excitation spectroscopy (Ruban et al., 1997 (Ruban et al., , 2002 Bode et al., 2009; Ilioaia et al., 2011) . The similarities between these qE-related spectroscopic signatures and those observed when purified LHCs adopt quenched states upon aggregation in vitro has led to the suggestion that changes in LHC conformation and/or organization underlie qE in vivo . The finding that aggregation induced quenching can be modulated by low pH and xanthophyll cycle carotenoids provided a further link between these phenomena (reviewed in Horton et al., 2005) .
Studies on mutants lacking certain PSII antenna proteins and xanthophylls, such as zeaxanthin and lutein, have provided circumstantial evidence that changes in the PSII-LHCII macrostructure are a crucial element in the regulation of qE (reviewed in Horton et al., 2008) . For instance, the aslhcb2 and lut2 mutants of Arabidopsis thaliana, which are disrupted in LHCII trimer formation and thus have a smaller PSII antenna size, showed reduced levels of qE compared with wild-type plants (Lokstein et al., 2002; Andersson et al., 2003) . Arabidopsis plants lacking CP24 and CP29 also showed disruption in the PSII-LHCII macrostructure and somewhat reduced levels of qE compared with the wild type (Andersson et al., 2001; Ková cs et al., 2006) . The absence of the PsbS protein was associated with the complete absence of rapidly reversible qE-type quenching in Arabidopsis (Li et al., 2000) , and this phenotype was accompanied by certain changes in the PSII-LHCII macrostructure Kereïche et al., 2010) . More recently, in negatively stained detergentisolated grana membranes, derived from light-treated Arabidopsis leaves, a PsbS-dependent change in the distance between PSII core complexes was observed by electron microscopy (EM), implying a reorganization of the PSII-LHCII macrostructure may indeed occur during illumination (Betterle et al., 2009 ). This was supported by biochemical evidence that showed a fragment of the C 2 S 2 M 2 supercomplex, consisting of the LHCII M-trimer, CP24, and CP29 (B4C subcomplex), is dissociated by light treatment (Betterle et al., 2009) . The dissociation of the B4C subcomplex was also dependent on the presence of PsbS (Betterle et al., 2009) , consistent with evidence that PsbS levels control the organization and amount of semicrystalline PSII-LHCII arrays present in Arabidopsis thylakoid membranes Kereïche et al., 2010) .
In this work, the structural and dynamic changes that underlie the transition between the light-harvesting and photoprotective states of the thylakoid membrane were investigated using freeze-fracture EM and laser confocal microscopy on intact chloroplasts. Freeze-fracture EM has several advantages over negative stain EM in that intact chloroplasts possessing high levels of NPQ can be rapidly frozen and examined. Thus, the organization of the intact photosynthetic membrane at the level of individual PSII and LHCII complexes can be probed without the need for lengthy detergent isolation or staining procedures. The results obtained confirm findings by Betterle et al. (2009) on the light-induced alterations in the distances between PSII complexes and explicitly reveal the rapid alterations in PSII particle size, the arrangement of LHCII complexes, and the changes in protein mobility that lead to the establishment of the photoprotective state and provide further evidence that zeaxanthin has a structural role in regulating the LHCII antenna by promoting the aggregation process and, thus, quenching.
RESULTS

The Photoprotective Structural Change Remodels the PSII-LHCII Protein Landscape
We investigated whether the major rapidly reversible component of NPQ, qE, involved rapid alterations in the macroorganization of PSII-LHCII using freeze-fracture EM. Spinach (Spinacia oleracea) chloroplasts were harvested from either dark-adapted leaves (Vio) or leaves preilluminated to accumulate zeaxanthin (Zea) ( Table 1) . Chlorophyll fluorescence quenching kinetics of the two types of chloroplasts are shown in Figure 1 . By dividing the quenched fluorescence by the unquenched fluorescence, the amplitude of NPQ was calculated for each type of chloroplast. For Zea chloroplasts, an NPQ amplitude of 2.1 6 0.1 was obtained following 5 min illumination, while in Vio chloroplasts, the NPQ amplitude was 0.6 6 0.1 (Table 1 ). The level of 9-aminoacridine quenching confirmed that the amplitude of DpH was the same in each type of chloroplast (see Supplemental Figure 1 online). Samples of chloroplasts were either taken immediately after 5 min of illumination or following a further 5-min period of darkness to allow relaxation of the qE component of NPQ (Figure 1 , Table 1 ). Four samples of chloroplasts were thus obtained for freeze-fracture analysis, hereafter referred to as Dark Vio, Light Vio, Dark Zea, and Light Zea, as labeled in Figure 1 . The freeze-fracture technique splits hydrophobic core of the membrane bilayer into the exoplasmic and protoplasmic leaflets, allowing information on the organization and dimensions of the proteins therein to be determined by image analysis. Four distinct fracture faces are observed in freeze-fracture EM images (reviewed in Staehelin, 2003) (Figure 2A ). The exoplasmic fracture face of the stacked membranes (EFs) is dominated by PSII particles of ;16 to 18 nm (Staehelin, 1976; Armond et al., 1977) .
The complementary protoplasmic fracture face of the stacked membranes (PFs) contains the ;8-nm LHCII particles (Miller et al., 1976; Simpson, 1979) . The protoplasmic fracture face of the unstacked membranes is distinguished on the basis of its slightly larger asymmetric ;10-nm photosystem I particles (Simpson, 1982) . Finally, the complementary exoplasmic fracture face of the unstacked membranes is largely smooth and marked by generally more widely spaced ;10-to 16-nm PSII particles (Staehelin, 1976; Armond et al., 1977) . In the Dark Vio chloroplasts, the PSII particles on the EFs fracture faces were generally well spaced ( Figure 2A ). In the Light Vio chloroplasts, there was a noticeable tendency for the PSII particles on the EFs fracture faces to become more tightly clustered together ( Figure  2B ). The clustering of the PSII particles appeared even more pronounced in the Light Zea chloroplasts ( Figure 2C , arrow 1), while in the Dark Zea chloroplasts, the EFs fracture faces appeared similar to those in the Light Vio chloroplasts ( Figure  2D ). Image analysis allowed the changes in PSII clustering, nearest-neighbor distance, and particle size in each type of chloroplast to be quantified (see Supplemental Figure 2 online). The clustering of PSII particles was quantified by calculating the number of EFs particles within a 50-nm radius of any given EFs particle, with normalization to account for variation in the area of EFs fracture faces from one image to another. The normalization was necessary to remove edge effects or the tendency for particles at the edge of a fracture face to have fewer neighbors than those nearer to the center. The PSII clustering was significantly increased in the Light Vio chloroplasts relative to the Dark Vio chloroplasts, and these changes were further enhanced in the Light Zea chloroplasts ( Figure 3A , Table 2 ). The change in PSII clustering was partially reversed in the Dark Zea chloroplasts compared with the Light Zea chloroplasts, with distribution similar to that found in the Light Vio chloroplasts ( Figure 3A , Table 2 ). A similar pattern was observed using the nearest-neighbor Figure 1 . For the statistical confidence levels, the asterisk indicates a significant difference with respect to dark-adapted sample (P < 0.01, using analysis of variance, Tukey contrast). Zea chloroplasts contain zeaxanthin, while Vio chloroplasts are devoid of zeaxanthin (see Table 1 ). After 5 min of light treatment, the chloroplasts were frozen (for freeze-fracture EM) immediately (*Light Vio and Light Zea samples) or allowed a further 5 min of darkness to relax NPQ prior to freezing (*Dark Vio and Dark Zea samples).
distance between PSII particles as a measure of their association (Kirchhoff et al., 2007b; Betterle et al., 2009 ) ( Figure 3B , Table 2 ), confirming the increased tendency of PSII to cluster in the Light Zea sample. If 2 mM of the uncoupler nigericin was added to chloroplasts just prior to 5 min of illumination, hereafter referred to as Light nigericin (Table 1) , no change in PSII particle size, PSII clustering, or PSII nearest-neighbor distances was observed ( Table 2 ). The changes in PSII-LHCII macrostructure seen in the light therefore depend on the formation of DpH. The other noticeable tendency in the Light Zea chloroplasts was the smaller size of the PSII particle compared with the Dark Vio sample, with the PSII particles in the Light Vio and Dark Zea samples appearing somewhat intermediate in terms of size ( Figures 4A to 4D) . Using image analysis, these differences could be quantified allowing the distribution of PSII particle sizes to be plotted for each type of chloroplast ( Figure 4E , Table 2 ). The analysis of PSII particle size demonstrated that the average decreased from ;200 nm 2 in the Dark Vio chloroplasts to ;125 nm 2 in the Light Zea chloroplasts, with an increase in the population of particles in the 100-to 150-nm 2 range at the expense of those above 200 nm 2 ( Figure 4E , Table 2 ). The average size of the EFs fracture face PSII particles in the dark is too large to simply represent a PSII core dimer (145 nm 2 ) (Hankamer et al., 1997) , Graphs showing the percentage distribution of PSII clustering (A) (number of neighboring PSII particles within a 50-nm radius of a given PSII particle) and PSII nearest-neighbor (center-to-center) distance (B). Data are averaged from three independent experiments (6SE%). See Table 2 for statistics. but most of the observed particles are too small to represent a C 2 S 2 -type PSII supercomplex (310 nm 2 ) (Boekema et al., 1995) . Rather, the size of the PSII particles is most consistent with a PSII core dimer and two to three minor antenna proteins (;220 nm 2 ) (Boekema et al., 1995) . This conclusion is consistent with the fact that Arabidopsis mutants lacking certain minor antenna complexes, the most closely bound LHCs to the PSII core (Boekema et al., 1995) , contained smaller PSII particles than the wild type (see Supplemental Table 1 online) and with previous observations suggesting a part of the attached LHC complexes may also fracture with the EFs face under certain conditions (Armond et al., 1977) . Thus, NPQ is associated not only with a clustering of PSII particles on the EFs fracture faces but also a reduction in their apparent size.
The PFs fracture face containing LHCII particles is complementary to the EFs PSII fracture face (Simpson, 1979; Staehelin, 2003) . There was a noticeable increase in the packing of LHCII complexes on the PFs fracture faces in the Light Zea chloroplasts ( Figure 3C , arrow 2) compared with the Dark Vio chloroplasts ( Figure 3A ). Higher-magnification images of PFs fracture faces from Dark Vio and Light Zea chloroplasts are shown in Figures 5A and 5B. In the Dark Vio chloroplasts, the LHCII particles are fairly evenly distributed across the fracture face with clear gaps among the LHCII particles ( Figure 5A , arrows) that are likely to correspond to space occupied in the membrane by the PSII particles that fracture with the EFs face. By contrast, in the Light Zea chloroplasts, the PFs fracture faces are marked by areas of very high LHCII particle density, where very few gaps are visible ( Figure 5B , arrow 1), and areas of much lower density, where LHCII particles are more sparse ( Figure 5B , arrow 2), likely corresponding to areas of PSII clustering on the opposing EFs fracture face. The increased clustering of LHCII can be quantified from the number of neighboring LHCII particles within a 25-nm radius of a given LHCII particle (see Supplemental Figure 2 online). The analysis confirmed the increase in clustering in the Light Zea chloroplasts relative to the Dark Vio chloroplasts ( Figure 5C ). In the Light Vio chloroplasts, the changes in LHCII clustering were smaller than in the Light Zea chloroplasts ( Figure  5C , Table 2 ), while the changes in the Light Zea chloroplasts were partially reversed in the Dark Zea sample ( Figure 5C , Table 2 ). Thus, zeaxanthin is associated with an enhancement of both the clustering of LHCII and PSII particles observed in chloroplasts exhibiting the NPQ state. The relative size of the LHCII particles was ;50 nm 2 , which is consistent with the size of an LHCII trimer (Dekker and Boekema, 2005 ) ( Figure 5D , Table 2 ). Unlike for the PSII particles on the EFs fracture faces, the size of the LHCII particles on the PFs fracture faces was observed to be fairly constant in all four chloroplast samples ( Figure 5D , Table 2 ), suggesting the LHCII trimer remains intact. The changes in LHCII clustering were also found to be dependent upon the formation of DpH since they were absent in Light nigericin chloroplasts ( Table 2 ).
The Mobility of Chlorophyll Proteins Is Reduced in the Photoprotective State
Using confocal laser microscopy, it was possible to image the intact chloroplasts prepared as in Figure 1 (Figure 6A ). The autofluorescence of the chlorophyll within the thylakoid membranes can be visualized within the chloroplasts, with grana appearing as brighter spots (Goral et al., 2010) (Figure 6A ). The intact chloroplasts could be distinguished from those that were broken by the use of the lipid staining green fluorescent dye (BODIPY FL C 12 ), which is bound by the outer envelope membrane only, while in broken chloroplasts the dye can also stain the thylakoid membrane ( Figure 6A ). The fluorescence recovery after photobleaching (FRAP) technique involves the bleaching of a selected region of fluorescence from the thylakoid membrane within an intact chloroplast using a strong laser pulse (Kirchhoff et al., 2008; Goral et al., 2010) (Figure 6A ). The kinetics of fluorescence recovery in the bleached region can then be recorded to allow calculation of the mobile fraction of chlorophyll-proteins within the thylakoid membrane (Kirchhoff et al., 2008; Goral et al., 2010) (Figure 6B ). The mobile fraction has proved to be a useful and reproducible indicator of protein mobility in chloroplasts (Goral et al., 2010) . The recovery of the chlorophyll fluorescence in the bleached region of the Dark Vio chloroplasts used in this study was ;12 to 15%, while the recovery of the lipid dye fluorescence in the thylakoid membrane (as determined from broken chloroplasts) was ;100% ( Figure   6B ). Thus, the thylakoid membrane remains intact after bleach, with the lower mobility of the chlorophyll binding proteins compared with the lipids likely reflecting the extremely crowded protein environment in vivo (Kirchhoff et al., 2008; Goral et al., 2010) . The observed reorganization of the PSII and LHCII particles in the NPQ state was characterized by a 35% reduction in chlorophyll-protein mobility in the Light Zea chloroplasts compared with the Dark Vio chloroplasts ( Figure 6C ). Consistent with the lower amount of NPQ in Light Vio and Dark Zea chloroplasts, the reduction in the size of the mobile fraction of chlorophyll-proteins was less than in the Light Zea sample ( Figure 6C ). (A) to (D) Representative freeze-fracture electron micrographs showing EFs PSII particles from each type of chloroplast, with an outline of the area of each particle compared with the Dark Vio particle (A) (blue outline) shown below. Light Vio PSII particle (B) (orange outline), Light Zea PSII particle (C) (red outline), and Dark Zea PSII particle (D) (green outline).
(E) Graph showing percentage distribution of PSII particle size (area) in Dark Vio (blue squares), Light Vio (orange triangles), Light Zea (red circles), and Dark Zea (green diamonds) intact spinach chloroplasts. Data are averaged from three independent experiments (6SE%). See Table 2 for statistics. Higher-magnification view of LHCII PFs fracture faces in freeze-fracture electron micrographs of Dark Vio (A) and Light Zea (B) intact spinach chloroplasts [inset arrows highlight areas with enhanced (1) and reduced (2) clustering of LHCII] prepared as shown in Figure 1 . Analysis of LHCII PFs fracture faces from freeze-fracture electron micrographs of intact spinach chloroplasts. Graphs showing the percentage distribution of LHCII clustering (C) (number of neighboring LHCII particles within a 25-nm radius of a given LHCII particle) and LHCII particle size (D) (area) in Dark Vio (blue squares), Light Vio (orange triangles), Light Zea (red circles), and Dark Zea (green diamonds) intact spinach chloroplasts. Data are averaged from three independent experiments (6SE%). See Table 2 for statistics.
DISCUSSION qE Involves the Reorganization of PSII and LHCII within the Thylakoid Membrane
In this investigation, direct structural evidence has been provided that changes in the ultrastructure of the thylakoid membrane and in the organization of PSII and LHCII complexes within it are associated with NPQ formation. In contrast with the study of Betterle et al. (2009) , where the observed changes in PSII organization took ;30 to 60 min to form and relax, the changes identified here are shown to occur within 5 min of illumination and dark relaxation consistent with their involvement in rapidly reversible qE-type quenching. We extend the findings of Betterle et al. (2009) by showing that formation of NPQ is specifically accompanied by an aggregation of major trimeric LHCII complexes, explaining the often-reported spectroscopic link between NPQ in vivo and LHCII aggregation in vitro Ruban et al., 1992 Ruban et al., , 1997 Ruban et al., , 2007 Miloslavina et al., 2008; Holzwarth et al., 2009; Liao et al., 2010) . We also provide in vivo structural evidence showing that the EFs PSII particle, and by inference the PSII-LHCII supercomplex, is reduced in size during NPQ, probably due to dissociation of part of the minor light-harvesting antenna. Moreover, the changes in PSII and LHCII clustering can be correlated with NPQ and are thus influenced by the deepoxidation state of the xanthophyll cycle carotenoids ( Figure 7A ). We further show that formation of the photoprotective state modulates the mobility of chlorophyll-proteins within the thylakoid membrane system. When the photoprotective state is formed, the mobile population of complexes decreases, most likely due to aggregation of LHCII, providing further evidence that the packing of the complexes in the membrane influences their mobility and function (Kirchhoff et al., 2008; Goral et al., 2010 ) ( Figure 7B ). Recently, in photoinhibited spinach chloroplasts, an increase in the size of the mobile fraction of chlorophyll-proteins was observed relative to the control sample (Goral et al., 2010) . The photoinhibitionrelated increase in the mobile fraction was shown to be dependent upon the activity of the stn8 kinase (Goral et al., 2010) , which is known to phosphorylate the PSII core complex, mediating its migration to the stromal lamellae during the PSII repair cycle (Bonardi et al., 2005) . The change in the size of the mobile fraction was also correlated with decreased clustering of PSII particles in freeze-fracture electron micrographs of photoinhibited chloroplasts, relative to those of the control (Goral et al., 2010) . Photoinhibition and NPQ therefore appear to have opposing effects with regards to both PSII clustering and chlorophyllprotein mobility. We suggest that the rapid changes in the organization of PSII and LHCII complexes in the thylakoid membrane are linked to the DpH-induced changes in membrane thickness described by Packer (1970a, 1970b) . Previously, it has been demonstrated using linear dichroism spectroscopy that upon qE formation in vivo and upon LHCII aggregation in vitro that the xanthophylls adopt a more parallel orientation with respect to the plane of the membrane (Ruban et al., 1997) . This condensed state of LHCII formed upon its aggregation may thus be the origin of the reduction in membrane thickness and increase in membrane hydrophobicity associated with qE that was discovered in the studies of Packer (1970a, 1970b) .
A Working Model for the qE-Related Structural Change
The information revealed by this study and the work of Betterle et al. (2009) on the structural basis of qE formation in vivo allows us to produce the next step in a working model first presented by Figure 1 (n = 10 experiments 6 SE). Single asterisk indicates significant difference from Dark Vio sample; double asterisk indicates significant difference from Dark Vio, Dark Zea, and Light Vio samples (analysis of variance, Tukey contrast, 99% confidence). Horton et al. (2008) , describing the structural changes (Figure 8) . The left of Figure 8 depicts the lateral organization of the PSII-LHCII supercomplexes within the grana thylakoid membranes in the dark and in low light. Most of the PSII and LHCII units are organized into C 2 S 2 M 2 supercomplexes (Dekker and Boekema, 2005) . Additional LHCII trimers (L-trimers) are dispersed among the C 2 S 2 M 2 supercomplexes. We suggest that DpH formation in excess light triggers a conformational change in LHC complexes, causing their dissociation from PSII and their aggregation ( Figure  8 ). The partial dissociation of the PSII-LHCII supercomplex in excess light is manifested in the reduced size of the PSII EFs particle observed in our freeze-fracture electron micrographs. While we cannot be sure of exactly which of the minor antenna components is dissociated from the EFs PSII particle and which remains attached, we suggest the most likely to be detached is CP24. CP24 is the most loosely bound component of the supercomplex (Dekker and Boekema, 2005) , and its dissociation would explain the reduced levels of the B4C subcomplex observed in excess light (Betterle et al., 2009 ). The stimulatory effect of zeaxanthin on the structural changes observed in chloroplasts may be explained by the observation that hydrophobic zeaxanthin promotes LHC aggregation and quenching in vitro by shifting the lumen pH dependence to more alkaline values (Ruban et al., 1997; . Therefore, compared with chloroplasts devoid of zeaxanthin, proton binding and, thus, the structural changes within chloroplasts are enhanced. We suggest that the conformational state of LHC proteins induced by protonation is the primary structural factor underlying the formation of internal dissipative pigment interactions, which may in principle be explained by any of the current xanthophyll-chlorophyll or chlorophyll-chlorophyll quenching models Ahn et al., 2008; Liao et al., 2010; Mü ller et al., 2010) . In the absence of PsbS, we suggest that the more rigid PSII-LHCII macrostructure (Kereïche et al., 2010) somehow precludes these DpH-induced structural changes.
Conclusions
The data presented in this study provide direct structural evidence that a reorganization of PSII-LHCII supercomplexes can occur on a timescale consistent with formation and relaxation of qE. The data further define the fate of the LHCII that is excluded from the more tightly clustered areas of PSII particles first described by Betterle et al. (2009) , showing that they form large clusters or aggregates within the membrane. The clustering of LHCII particles can explain the reduced mobility of chlorophyll Relationships between PSII (red triangles) and LHCII (blue circles) particle clustering in freeze-fracture electron micrographs and NPQ (A) or the mobile fraction of chlorophyll-proteins in intact spinach chloroplasts (B). Data are averaged from three independent experiments (6SE%). In the dark and low light, LHCII is distributed fairly evenly distributed in the grana, forming large C 2 S 2 M 2 supercomplexes with PSII and minor antenna proteins. In excess light, DpH triggers a conformational change within LHC complexes that causes the partial dissociation of the PSII-LHCII supercomplex and leads to LHCII aggregation. Deepoxidation of violaxanthin to zeaxanthin promotes LHCII aggregation and ,thus, NPQ.
proteins observed in the qE state by FRAP and the consistently observed spectroscopic link between qE and aggregation of LHCII in vitro. It is interesting to note that both state transitions, a mechanism of low-light adaptation, were also shown to involve the formation of LHCII aggregates in the green algae Chlamydomonas reinhardtii (Iwai et al., 2010) . LHCII aggregation may thus be a general response of the thylakoid membrane to any unfavorable light conditions. The data therefore provide the beginnings of a macroscopic understanding of the structural changes involved in qE formation. The next step will be to understand the exact role of PsbS reorganization and the precise nature of the microscopic structural changes within LHC complexes that underlie the macroscopic change.
METHODS
Plants and Growth Conditions
Spinach (Spinacea oleracea) plants were grown for 6 to 7 weeks in a glasshouse under natural light conditions of an English summer.
Chloroplast Isolation
Chloroplasts devoid of zeaxanthin and antheraxanthin (Vio chloroplasts) were prepared from spinach leaves dark adapted for 1 h as previously described (Crouchman et al., 2006) . Chloroplasts enriched in zeaxanthin (Zea chloroplasts) were prepared from spinach leaves light treated for 15 min at 350 mmol photons m 22 s 21 under 98% N 2 /2% O 2 . Chlorophyll concentration was determined as previously described (Porra et al., 1989) .
Chlorophyll Fluorescence Induction and Sample Conditioning
Chlorophyll fluorescence was measured with a Dual-PAM-100 chlorophyll fluorescence photosynthesis analyzer (Heinz Walz) using the liquid cell adapter. Intact chloroplasts (1.4 mL) were measured in a quartz cuvette at a concentration of 36 mM chlorophyll under continuous stirring. The reaction medium contained 0.45 M sorbitol, 20 mM Tricine-KOH, pH 8.0, 10 mM EDTA, 10 mM NaHCO 3 , 0.1% BSA, and 5 mM MgCl 2 . Ascorbate was omitted from all buffers to prevent further deepoxidation taking place during illumination. 50 mM methyl viologen was provided as the terminal electron acceptor. After 5-min light treatment, the chloroplasts were frozen immediately (for freeze-fracture EM) or allowed a further 5 min of darkness to relax NPQ prior to freezing. Actinic illumination (350 mmol photons m 22 s 21 ) was provided by arrays of 635-nm LEDs. F o (the fluorescence level with PSII reaction centers open) was measured in the presence of a 10 mmol photons m 22 s 21 measuring beam. The maximum fluorescence in the dark-adapted state (F m ), during the course of actinic illumination (F m 9), and in the subsequent dark relaxation periods (F m 99) was determined using a 0.8-s saturating light pulse (4000 mmol photons m 22 s 21 ). NPQ was calculated as follows NPQ = (F m 2 F m 9)/F m 9).
Measurement of DpH Kinetics
DpH was determined from the measurement of 9-aminoacridine fluorescence using a Jobin Yvon FluoroMax-3 spectrophotometer. Intact chloroplasts were treated as described above in the presence of 1 mM 9-aminoacridine. Excitation was defined at 400 nm with a 2-nm spectral bandwidth, and fluorescence emission was filtered using a Corning 4-96 filter and an OCLl Cyan T400-570 mirror and detected at 456 nm with a 5-nm slit width. The intensity of the 635-nm LED light used to induce DpH was 350 mmol photons m 22 s 21 . The fluorescence kinetic integration time was 0.5 s.
Pigment Analysis
Pigments were extracted from intact chloroplasts using 100% acetone. Pigment composition was determined by reversed phase HPLC using a LiChrospher 100 RP-18 column (Merck) and a Dionex Summit chromatography system as previously described (Johnson et al., 2007) .
Freeze-Fracture EM
Chloroplasts were rapidly frozen in slushy liquid nitrogen and fractured at 21508C in a Polaron E7500 freeze-fracture device. Replicas were prepared by shadowing with platinum and carbon and cleaned with bleach. Freeze-fracture replicas were examined with a Hitachi H7600 or FEI Tecnai 12 BioTWIN electron microscope at a range of magnifications.
EM Image Analysis
The coordinates and dimensions of particles on the EFs and PFs faces of freeze-fracture EM images were identified with particle picker routines using ImagePro Plus software (Media Cybernetics). Nearest-neighbor distances and particle clustering were calculated from the coordinates of each particle using a bespoke program (available on request). Nearestneighbor distance analysis of freeze-fracture EM images allows us to measure the distances with ;0.72 nm accuracy, which is the spatial resolution (single pixel size in xy direction) of our electron micrographs. If there is a change in the distance between two particles, the program would only detect the difference at the level of at least one single pixel size.
Sample Preparation for FRAP
Prior to experiments, intact chloroplast suspensions prepared in a range of states (see sample conditioning) were diluted down in the resuspension buffer containing 5 mM 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-3-dodecanoic acid (BODIPY FL C12; Invitrogen, Molecular Probes) to a final chlorophyll concentration of 10 mg mL 21 . A glass slide was sealed with a cover slip using a small amount of vacuum grease so as to form a flow chamber. Sixty microliters of a 0.5% aqueous solution of polylysine (Sigma-Aldrich) was applied to the chamber and washed with the resuspension buffer, followed by application of 60 mL of the chloroplast suspension. After 5 min incubation, the intact chloroplasts that were not immobilized were washed out with the resuspension buffer and the sample was used for FRAP measurements.
FRAP Measurements
Chlorophyll FRAP measurements were performed on intact chloroplasts with a Nikon PCM2000 confocal laser scanning microscope. The 488-nm line of a 100-mW argon laser (Spectra-Physics) was used for exciting both chlorophyll and BODIPY fluorescence. BODIPY fluorescence was selected with a 505-nm dichroic mirror and an interference filter with a transmission range of 500 to 527 nm. Chlorophyll fluorescence was selected with a Schott RG665 red-glass filter transmitting above ;665 nm. Chloroplasts were visualized with the use of a 20-mm confocal pinhole giving a point-spread in the Z-direction of ;1.3 mm (full width at half maximum). For FRAP, a line was bleached across the sample by withdrawing neutral density filters to increase laser power by a factor of 32. The laser was then scanned repeatedly in one dimension for 5 to 7 s. Laser power was then reduced again and a series of 10 postbleach images was recorded at 60-s intervals.
Image Processing and Data Analysis of FRAP Images
Laser confocal images of intact chloroplasts were converted to grey scale and deconvolved using the DeconvolutionJ plugin of the public domain NIH ImageJ software (http://rsb.info.nih.gov/ij/). The point-spread function was determined by confocal visualization of 0.175-mm fluorescence microspheres (PS-Speck microscope point source kit; Invitrogen, Molecular Probes) with the same microscope setup. The images were then aligned with ImagePro Plus software (Media Cybernetics) and analyzed with ImageJ. An individual granum within an intact chloroplast was selected as a region of interest, and the fluorescence intensity of that region was measured in pre-and postbleach images. Simultaneously, the fluorescence in unbleached regions in postbleach images was normalized to the same total fluorescence as in prebleach images. Mobile fractions were determined by fluorescence recovery curves as presented in Figure 6B according to the following equation: R = (F' 2 F0)/(Fi -F0), where R is mobile fraction, F' is the fluorescence intensity in the bleached region after full recovery, F0 is the fluorescence intensity just after bleaching (time 0), and Fi is the fluorescence intensity in the prebleach image. F0 values were normalized to 0 in all measurements, and an exponential curve was plotted to the experimental points with the Origin software (OriginLab).
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